Introduction
Epigenetic changes have been increasingly recognized as a driving force in human leukemia. [1] [2] [3] Abnormal methylation, for example, appears to accumulate over time at various sites in the genome and to promote tumorigenesis by increasing genomic instability or by silencing tumor suppressor genes. Silencing of tumor suppressor genes is closely associated with hypermethylation; methylated tumor suppressor genes can be reactivated by DNA methyltransferase (DNMT) inhibitors. These observations have led to a revival of interest in DNA methylation inhibitors as antineoplastic agents in clinical trials. 4 The prototypical DNMT inhibitors 5-aza-2Ј-deoxycytidine (DAC) and 5-azacytidine (AZA) have recently been approved by the US Food and Drug Administration as antitumor agents for the treatment of myelodysplastic syndrome. 5, 6 One potential problem with both agents is that resistance can develop during treatment.
Like other cytosine nucleoside analogs (NAs), DAC enters cells using the equilibrative nucleoside transporters hENT1 and hENT2. Once inside the cell, DAC is phosphorylated by deoxycytidine kinase (dCK) into the monophosphorylated derivative 5-azadCMP. Subsequently, 5-aza-dCMP is phosphorylated to its active form, 5-aza-dCTP, which is incorporated into DNA, where it induces demethylation. DAC metabolites might also be substrates for catabolizing enzymes such as cytidine deaminase (CDA), which catalyze the inactivation of cytidine and deoxycytidine to uridine and deoxyuridine, thereby decreasing the amount of 5-aza-dCTP that can be formed. The nucleoside analog Ara-C also relies on dCK as the initial rate-limiting step for incorporation. AZA, however, does not need dCK. Its incorporation is dependent on uridine-cytidine kinase (UCK). dCK deficiency is the major known mechanism of resistance to cytidine NAs in vitro and was reported to be related to in vivo resistance in some patients. 7, 8 For example, in vitro-induced resistance to the deoxycytidine analogs cytarabine (Ara-C) and DAC in a rat model for acute myeloid leukemia was mediated by mutations in the DCK gene. 9 However, there is little information regarding the origin of this kind of resistance. Resistance to treatment with anticancer drugs results from a variety of factors, including spontaneous genetic instability in tumors and drug induction mechanisms that probably play an important role in acquired anticancer drug resistance. [10] [11] [12] [13] [14] [15] [16] Defects in DNA methylation might contribute to genomic instability, leading to elevated mutation rates. [17] [18] [19] [20] Therefore, we hypothesized that both spontaneous genetic instability and DAC-induced genetic instability contribute to the origin of resistance to DAC in human cancer cell lines and that resistance to DAC is due to the insufficient intracellular triphosphate of DAC. To test these hypotheses, we examined in vitro models of naturally occurring resistance to DAC in different cancer cell lines and further investigated the mechanisms and origin of resistance in the myeloid leukemia cell line HL60.
Methods

Cell culture and treatment protocols
The human leukemia and lymphoma cell lines HL60, ML-1, HEL, Raji, Jurkat, TF-1, U937, K562, and MOLT4; prostate cancer cell lines PC3 and DU145; colon cancer cell lines RKO and SW48; and breast cancer cell line Cama-1 were obtained from ATCC (Manassas, VA). The cells were grown in RPMI 1640 plus 10% heat-inactivated fetal calf serum (FCS) in plastic tissue-culture plates in a humidified atmosphere containing 5% CO 2 at 37°C. For the growth inhibition assay, cells were placed at a density of 2.5 ϫ 10 5 /mL in 5 mL medium 24 hours before treatment. Graded concentrations of DAC were added to the medium. To measure half maximal (50%) inhibitory concentration (IC 50 ), fresh DAC was added every 24 hours without changing medium. The doses that inhibited proliferation to 50% (IC 50 ) were analyzed by the median-effect method with CalcuSyn software (Biosoft, Cambridge, United Kingdom). 21 The proportion of live cells in treated plates was measured by trypan blue exclusion.
Pyrosequencing
We used the DNA repetitive long interspersed nuclear element (LINE) as a marker and pyrosequencing-based methylation analysis to study global genomic DNA methylation, as previously described. 5 Genomic DNA was prepared from cells, and bisulfite conversion of genomic DNA was carried out. LINE was amplified by PCR using a forward primer 5Ј-TTTTTTGAGT-TAGGTGTGGG-3Ј and a 5Ј-biotinylated reverse primer 5Ј-TCTCACTA-AAAAATACCAAACAA-3Ј. After PCR, the biotinylated reverse strand was captured on streptavidin Sepharose beads (Amersham Biosciences, Uppsala, Sweden) and annealed with the sequencing primer 5Ј-GGGTGG-GAGTGAT-3Ј. To measure loss of heterozygosity (LOH) from a heterozygous mutation in exon 3 of DCK, we used a pyrosequencing-based analysis of a point mutation at nucleotide 454 of DCK mRNA (NM_000788) and an adjacent single nucleotide polymorphism (SNP) at nucleotide 459 (rs11544786). DCK exon 3 was amplified from genomic DNA and cDNA by PCR using a forward primer 5Ј-GGTGGGAATGTTCTTCAGA-3Ј and a reverse primer 5Ј-AGCCATTTATACATACCTGTCAC-3Ј. The PCR product was used as a template and then amplified by a forward primer 5Ј-GGTGGGAATGTTCTTCAGA-3Ј, a reverse primer 5Ј-GGGACAC-CGCTGATCGTTTATTTAGCCATTTATACATACCTGTCAC-3Ј, and a 5Ј-biotinylated universal primer 5Ј-GGGACACCGCTGATCGTTTA-3Ј. The biotinylated strand was annealed with the sequencing primer 5Ј-TGGTCTTTTACCTTCCA-3Ј. Pyrosequencing was performed using PSQ HS 96 Gold SNP Reagents and the PSQ HS 96 pyrosequencing machine (Biotage, Uppsala, Sweden).
Measurement of resistance frequency
HL60 cells were plated on 6-well plates at 10 5 cells per well in the Iscove medium supplemented with 1% methylcellulose, 10% fetal bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin, 100 g/mL streptomycin, and 10 M DAC for selecting resistant colonies. The colonies were counted at 14 days. Resistance frequency was estimated as the percentage of resistant colonies divided by the plating efficiency in the medium without DAC.
Measurement of Ara-C triphosphate production
Ara-C triphosphate (Ara-CTP) production was measured as described previously. 22 Briefly, HL60 cells were exposed to 10 mM [ 3 H] Ara-CTP for 4 hours and centrifuged at 1000g for 10 minutes. Pellets were washed and extracted with trichloroacetic acid to remove proteins. The acidic extract was neutralized, and the aqueous layer was used for high-performance liquid chromatography (HPLC) separation. Ara-CTP was quantified at 262 nm by electronic integration with reference to external standards.
Measurement of dCK activity
dCK activity was measured as previously described. 23 HL60 cells were centrifugated at 1000g for 10 minutes, resuspended in buffer A (50 mM potassium phosphate, pH 7.5, and 10 mM 2-mercaptoethanol), and sonicated. The suspension was centrifugated at 145 000g for 20 minutes. The supernatant was used as a crude extract after dialysis against 100 volumes of buffer A. We added 0.1 mg of the total protein to 100 L of the reaction mixture (50 mM Tris-HCl, pH 7. 
Western blot analysis
For Western blot analysis, cell lysates were mixed with the same volume of 2ϫ Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA), boiled, and loaded onto 10% polyacrylamide gels containing sodium dodecyl sulfate. Proteins were transferred to polyvinylidene fluoride membranes. We used a rabbit anti-phosphohistone H2AX antibody (Sigma-Aldrich, St Louis, MO) and DNMT1, 3a, and 3b antibodies (Abcam, Cambridge, MA) and rabbit polyclonal to dCK (a generous gift from Dr Keszler Gergely at Semmelweis University, Budapest, Hungary).
DCK cDNA cloning and transfection
We cloned the full coding region of wild-type DCK into the BglII and EcoR1 restriction enzyme sites using a pEGFP-N1 vector (Clontech, Mountain View, CA). The full-length DCK cDNA was amplified by reverse transcription-polymerase chain reaction (RT-PCR) using the forward primer 5Ј-TATCTCAGATCTTTGCCGGACGAGCTCTG-3Ј and the reverse primer 5Ј-ATTGAATTCTGGAACCATTTGGCTGCCTG-3Ј. We next transfected this vector into dCK-deficient HL60 cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. The antibiotic G418 at 0.5 mg/mL (American Bioanalytical, Natick, MA) was added to the cell culture medium to select for cells with stable integration of vector containing DCK. Mock transfection with empty pEGFP-N1 vector was used as a control.
Measurement of homologous recombination repair
To measure whether DAC can induce homologous recombination repair (HRR), we transfected pLNCX-GZ, pHit60, and pVSV-G vectors into 293T human embryonic kidney cells as described previously. 24 Three days after transfection, the retrovirus-containing medium was collected. HL60 cells were incubated with dilutions of retroviral vector in RPMI 1640. The antibiotic G418 (0.5 mg/mL) was added to the cell culture medium to select for cells with stable integration of LNCX-GZ. We then treated the cells with 0.02, 0.2, 2, or 20 M DAC for 4 days and maintained them in DAC-free medium containing G418 for 10 days. A total of 3 ϫ 10 5 cells were added to 3 mL methylcellulose with G418 plus the antibiotic zeocin 200 g/mL (Invitrogen, Carlsbad, CA) for selection. Cells were gently vortex-mixed to suspend them evenly, then plated onto 6-well plates. Colonies were counted at 14 days. The recombination frequency was estimated by taking the number of G418-and Zeocin-resistant colonies, dividing it by the total number loaded, and dividing again by the plating efficiency. Primers flanking the 2 green fluorescent protein (GFP)-zeocin cassettes were used to identify the expected recombination events. The forward primer was 5Ј-GCTAGCTTGCCAAACCTACAG-3Ј and the reverse primer was 5Ј-GTGAACCGTCAGATCCGCTAG-3Ј. For a nonrecombined vector, the PCR fragment was 2.2 kb, whereas a 1.1-kb fragment was generated by a recombined vector.
Results
In this study, we investigated mechanisms of intrinsic resistance to DAC in a panel of cancer cell lines and acquired resistance in an HL60 cell line. First, we selected several leukemia cell lines because DAC is most active in leukemia, and also included colon, breast, and prostate cancer cell lines to represent solid tumors. We measured the IC 50 of DAC, Ara-C, and AZA in the different cell lines. The IC 50 of DAC was less than 0.05 M in TF-1, U937, Raji, and HEL; between 0.05 and 0.4 M in ML-1, HL-60, K562, SW48, and Cama-1; and greater than 2 M in Jurkat, MOLT4, PC3, RKO, and DU145 that were defined as resistant cell lines ( Table 1 ). The IC 50 of DAC correlated with that of Ara-C (R ϭ 0.89, P Ͻ .001), but not significantly with sensitivity to AZA (R ϭ 0.44, P ϭ .11; Figure 1A ). In searching for mechanisms of resistance to DAC, we first asked whether it correlated with DNA methylation. Global methylation using the DNA repetitive element LINE as a marker was measured by pyrosequencing-based analysis. There was a great variation in LINE methylation at baseline (from 12% in K562 to 79% in the MOLT4 cell line) as previously reported 25 ( Table 1) . We next treated all cell lines with DAC at 0.03, 0.1, 0.3, 1, 3, 10, and 30 M daily for 4 days and measured hypomethylation induction by the LINE assay. In each cell line, the hypomethylation dose response was U shaped, as previously reported, 5 presumably because high doses of DAC inhibit proliferation, which is essential for hypomethylation. The doses of DAC that induced peak hypomethylation varied from 0.03 M in U937 and TF-1, the most sensitive cell lines; to 0.3 M in HEL, Raji, ML-1, HL60, SW48, and Cama-1, sensitive cell lines; to 1 and 3 M in relatively resistant cell lines Jurkat and MOLT4, respectively; and to 30 M in the most resistant cell lines, RKO and PC3 ( Figure 1A) . The IC 50 of DAC was closely correlated with the doses that induced peak hypomethylation of LINE (R ϭ 0.94, P Ͻ .001) but not with LINE methylation at baseline (R ϭ 0.05, P ϭ .97; Figure 1B,C) . We next measured expression of DNMT1, 3a, and 3b proteins by Western blot analysis. DNMT1 protein is cell replication-dependent. Cells in the rapid growth phase expressed more DNMT1 protein than those in the slow growth phase (Figure 2A ). For example, in RKO, DNMT1 level was high on day 1 and gradually decreased on days 3 and 5. We found that DNMT1, 3a, and 3b protein expression in log-phase growing cells was not correlated with LINE methylation at baseline ( Figure 2B ) and was not correlated with the IC 50 of DAC.
Because of the observed correlation between the IC 50 of DAC and Ara-C, which share intracellular metabolic pathways, we investigated the expression of several genes involved in nucleoside metabolism. dCK protein expression was very low in the DACresistant DU145 and Jurkat cell lines ( Figure 2C ), which was due to low dCK mRNA expression by real-time PCR ( Figure 2D ). The IC 50 of DAC was inversely correlated with expression of dCK mRNA expression (R ϭ Ϫ0.63, P ϭ .038) and also showed a tendency to be inversely correlated with the nucleoside transporter hENT1 mRNA (R ϭ Ϫ0.54, P ϭ .068; Figure 2D ). hENT1 mRNA was the lowest in the DAC-resistant MOLT4 cell line. The DAC-inactivating enzyme CDA mRNA was the highest in PC3 and 
DU145
, respectively. Thus, 4 of the 5 cell lines most resistant to DAC have measurable alterations in one of these genes, while none of the 9 most sensitive cell lines had any such alterations. In contrast, the IC 50 of AZA was not correlated with expression of DCK, CDA, hENT1, and hENT2, respectively (data not shown). Interestingly, the Raji cell line was resistant to AZA, but sensitive to DAC and Ara-C. DCK promoter is a CpG-rich region, which can be silenced by DNA hypermethylation. We next measured DCK methylation level in all these cell lines by pyrosequencing analysis, but could not detect any aberrant hypermethylation even in DU145 and Jurkat with the lowest gene expression (data not shown). In addition, alternative splicing of DCK was not not observed in resistant clones (data not shown). It is likely that reduced DCK mRNA expression in several cell lines, such as DU145 or Jurkat, might be caused by other mechanisms such as histone deacetylation or microRNAs targeting DCK.
The data described above relate to natural resistance to DAC (and AZA). To study this problem in a model of induced resistance, we treated HL60 with DAC, selected resistant colonies (HL60R) in methylcellulose medium, and found a frequency of resistance of 1.2 ϫ 10 Ϫ4 . We replated 11 DACresistant colonies and found that resistance was stable and could last for more than 2 years even when cultured in the absence of DAC. To investigate mechanisms of induced resistance to DAC in these clones, we measured DAC hypomethylation induction of LINE-repetitive elements. The hypomethylation induced by low doses of DAC (0.2 and 2 M) in HL60D cells was almost lost in the DAC-resistant cells ( Figure 3A) . To study whether this resistance affects gene expression induction by DAC, we measured mRNA for RIL, a tumor suppressor gene that is silenced in HL60 by DNA hypermethylation. 5 RIL reactivation by DAC was also inhibited in HL60R ( Figure 3B ). In contrast, AZA inhibited cell growth ( Figure 3C ) and induced LINE demethylation ( Figure 3D ) in HL60D and HL60R similarly.
In the resistant cells, DAC induced the most hypomethylation at the high dose of 50 M, suggesting that resistance could be due to decreased incorporation into DNA. Consistent with this, we found these resistant cells to be also resistant to Ara-C (data not shown) and speculated that resistance was due to deficient NA incorporation into DNA. Therefore, we next measured Ara-CTP concentration by HPLC-based analysis using [ 3 H]Ara-C as a substrate and found that Ara-CTP production in DAC-derived resistant clones was 50-fold lower than that in wild-type cells ( Figure 3E ). dCK activity was 10-fold lower than that in wild-type cells using [ 3 H]Ara-C as a substrate ( Figure 3F ). In searching for causes of this loss of activity, we found that dCK protein expression was markedly reduced in HL60R ( Figure 3G ), but DCK mRNA expression in HL60R was similar to that in wild-type cell lines ( Figure 3H ). Thus, induced resistance to DAC in HL60 was correlated with dCK loss.
In search of a mechanism for dCK loss in HL60-resistant cells, we first sequenced DCK from cDNA and genomic DNA from the parental HL60 cells that were used to generate resistant clones. We found a heterozygous point mutation in codon 98 (ACA to AGA), resulting in a Thr/Arg change. This sequence in the parental HL60 cells designated as HL60D was absent in another batch of HL60 cells obtained from ATCC, designated as HL60 ( Figure 4A ). In addition, both HL60D and HL60 cells had a heterozygous synonymous SNP in codon 100 (GCC to GCT). We found that HL60D had a growth advantage over HL60, suggesting that this point mutation occurred in a subpopulation of HL60 cells ( Figure 4B) . Importantly, neither the point only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From mutation nor the adjacent SNP were seen in more than 100 alleles in other investigated cell lines and normal cells. We next sequenced dCK cDNA and genomic DNA in the resistant cells HL60R (derived from HL60D), looking for additional mutations. Among the 11 resistant clones, 3 sequenced HL60R clones had exon 3 LOH of the wild-type allele, leaving behind exclusively the allele containing the AGA point mutation at codon 98 and GCC at codon 100. Eight clones had a heterozygous deletion in exon 1 between nucleotides 154 and 197 of DCK mRNA that abolished the ATG site (Table 2 and Figure 4) . To determine whether this heterozygous deletion lead to biallelic mutation, we performed TA cloning (Invitrogen) and sequencing of DCK cDNA from exon 1-4. We found 2 mutant DCK alleles: the allele with a point mutation at codon 98 and another allele with a 42-bp deletion in exon 1. To determine whether the mutations were spontaneous and preexisting, we designed PCR primers spanning the deleted region of DCK exon 1 and successfully amplified that region from parental HL60D cells ( Figure 4D ), thus demonstrating that resistance was preexisting and spontaneous.
To eliminate preexisting DAC-resistant clones, we used limited dilution to isolate individual cell-derived colonies of HL60D. After each colony expanded to approximately 10 6 cells, we selected for DACresistant clones in methylcellulose medium and obtained 9 resistant clones. The average frequency of resistance in these cells was 1.2 ϫ 10 Ϫ5 (Table 2 ). We measured allelic status of DCK by pyrosequencing analysis using genomic DNA and found that of 9 single resistant colonies, 7 had LOH of DCK, resulting in a single mutant allele with Arg in codon 98 in exon 3. Two clones had a single base insertion causing a frameshift (TA/TAA) in exon 6 of DCK (Table 2) . cDNA cloning and sequencing confirmed that in each case, the frameshift mutation was in the allele unmutated at exon 3. LOH of DCK is therefore the most common mechanism that gives rise to induced resistance to DAC in HL60. To confirm that resistance is caused by only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From DCK loss, we cloned wild-type DCK into a pEGFP-N1 vectors and transfected the vector into HL60R. We selected stably G418-resistant cells, designated as HL60T. Transfection of DCK restored dCK protein expression and sensitivity to DAC ( Figure 4E,F) , suggesting that DAC resistance was due to functional loss of dCK, which was due to LOH of the DCK locus.
LOH can be spontaneous or can be induced by DNA damage. We reasoned that LOH in HL60R cells might be related to DNA breaks induced by DAC. We therefore measured the induction of phosphorylation of histone H2AX after DAC treatment of HL60D cells. Western blot analysis showed that treatment with DAC at 0.2 and 2 M induced H2AX phosphorylation ( Figure  5A ). The phosphorylation induced by the higher concentration disappeared on day 3, possibly due to cell death, whereas the lower concentration maintained this phosphorylation on day 3. LOH at an autosomal locus is one outcome of the repair of DNA double-stranded breaks by HRR. To investigate whether DAC treatment increases the rate of HRR, we conducted retroviral transfection of a PLNCX-GZ vector 24 into HL60D cells. In this assay, recombination between the tandem repeats regenerates a functional GFP-ZeoR marker that can be easily scored. The HRR rate of HL60D cells was 1.4 ϫ 10 Ϫ6 . Treatment with 0.02, 0.2, 2, and 20 M DAC increased HRR rates approximately 1.9-, 6.8-, 9.5-, and 4.1-fold, respectively ( Figure 5B ). To confirm that resistant colonies were recombinant, we isolated high molecular weight DNA from expanded G418 plus zeocinresistant colonies and performed PCR with primers flanking the 2 GFP-zeocin cassettes that can identify the expected recombination events. We randomly picked 6 colonies after zeocin plus G418 selection and noted that all the colonies had a 1.1-kb fragment, confirming recombination. On the other hand, colonies after G418 selection only had an unrecombined 2.2-kb fragment ( Figure 5C ).
Finally, we investigated whether rapid induction of DAC resistance was common or whether it was a specific feature of HL60D cells heterozygous for DCK mutation. DAC treatment and methycellulose selection yielded no stable resistant clones in HL60 cells with 2 wild-type alleles of DCK or in ML-1, a cell line with normal dCK.
Discussion
In this study, we investigated naturally occurring resistance to DAC in vitro in a panel of cancer cell lines and found 1000-fold difference in IC 50 values. These differences are likely due to pharmacologic mechanisms resulting in lower incorporation of DAC into DNA in resistant cells. Therefore, higher doses of DAC were required to induce maximum hypomethylation in resistant cells. Furthermore, we found that both spontaneous genetic instability and DAC-induced genetic instability contributed to the origin of resistance to DAC in an HL60D cells, harboring a missense point mutation in exon 3 of DCK. Cells with stable PLNCX-GZ transfection were treated with DAC for 4 days and maintained in drug-free medium for 1 week. Colonies resistant to Zeocin were selected and maintained in methylcellulose medium for 2 weeks. HRR rates were calculated as described in "Measurement of homologous recombination repair." (C) Verification of intrachromosomal recombination in zeocin-resistant colonies by PCR with recombination-specific primers. PCR-amplified DNA from G418-resistant colonies produced a 2.2-kb fragment diagnostic for the nonrecombined tandem repeats. PCR-amplified DNA from G418-and zeocin-resistant colonies generated a diagnostic 1.1-kb fragment.
Most in vitro resistance to NA results from lack of incorporation into DNA. 26 Consistent with this, we found that resistance to DAC was correlated with multiple pharmacologic mechanisms of aberrant nucleoside metabolism, which result in less incorporation of DAC into DNA, but this was not directly proven by measuring DAC incorporation. It remains experimentally very difficult to answer this because DAC incorporation is at low levels. DAC has a short half-life (minutes) and is quickly deaminated by CDA once inside cells. It is also chemically unstable upon DNA extraction and HPLC analysis. The 5,6 bond in cytosine is very labile. 27, 28 Nevertheless, in HL60, we demonstrated that DAC resistance is caused by loss of DCK, and DAC sensitivity is highly correlated with Ara-C sensitivity, which shares NA metabolism. The AraCTP experiments are indirect, but they are a very good approximation of dCK activity. Thus, the data in favor of incorporation as a mechanism of resistance are strong. Clearly, however, multiple mechanisms may be active in different cells.
DAC exerts its effect through induction of hypomethylation at low doses and cytotoxicity at high doses. DAC induced a U-shaped curve of hypomethylation in a panel of cancer cell lines. This might be explained by the fact that low-dose DAC can covalently trap DNA methytransferases without cell-cycle arrest, whereas high dose DAC inhibits DNA synthesis and induces cell-cycle arrest, leading to less hypomethylation induction. Clinical usage of the agent is mostly at low doses, however. 4 Interestingly, resistance to DAC was unrelated to DNMT levels and LINE methylation, a marker of global DNA methylation. Cancers have gene-specific hypermethylation and global hypomethylation. 29 Our data suggest that differences in the methylation levels of repetitive DNA elements (reflecting global methylation) are not simply explained by DNMT levels and do not impact on sensitivity to DAC. Rather, DAC hypomethylation induction and gene reactivation are impaired in resistant cells by insufficient incorporation of DAC into DNA. A potential question is whether downstream pathways that led to gene reactivation are related to resistance to DAC, providing adequate drug incorporation. The fact that DAC treatment activates thousands of genes, not all of which are silenced by promoter hypermethylation, 30 makes this kind of study difficult. However, in this panel of cell lines, the cross-resistance between DAC and Ara-C and the lack of cross-resistance between DAC and AZA suggests that resistance to gene reactivation perhaps is less important than DAC incorporation. Nevertheless, resistance to DAC is likely to be multifactorial in a specific cell line. For example, DU145 demonstrated low levels of DCK, hENT1, and high levels of CDA. The doses needed for the maximum hypomethylation are the best marker for determining the sensitivity or resistance to DAC based on our results.
In our studies, we were able to ascribe resistance to 2 potential mechanisms: (1) preexisting genetic instability and selection for resistant clones and (2) DAC-induced genetic instability. Most malignant cell populations are characterized by "genetic instability" that can be shown to be directly involved in the generation of phenotypic drug resistance. Using fluctuation analysis, researchers have demonstrated random and spontaneous origins of resistance phenotypes for some antineoplastic agents, such as topoisomerase II inhibitor, folic acid antagonists, and antibiotic agents. [10] [11] [12] [13] [14] [15] [16] In this study, we amplified mutations preexisting in rare resistant cells from a pool of parental cells by PCR, providing the most direct evidence of a spontaneous origin of resistance to DAC and other NAs. On the other hand, NAs affect the structural integrity of DNA, leading to stalled replication forks and chain termination. The DNA damage sensors ATM, ATR, and DNA-PK recognize these events and signal for DNA repair. 31 We observed that DAC treatment induced histone H2AX phosphorylation, a marker of double-strand DNA breaks, and increased the rate of HRR, which might give rise to LOH of DCK and resistance to DAC. Several cytostatic drugs, including aphidicolin, Ara-C, hydroxyurea, and methotrexate, induce HRR through inhibition of DNA synthesis. 32 Sensitivity to DAC in our studies was closely related to sensitivity to Ara-C, but not to AZA except in the PC3 cell line, which had high CDA levels capable of deaminating all these drugs into inactive forms. DAC and Ara-C need the same dCK enzyme for initial phosphorylation. Instead, AZA uses UCK for initial phosphorylation. Therefore, DAC resistance related to dCK loss does not lead to AZA resistance, and this lack of cross-resistance could be exploited therapeutically. Indeed, a recent study has shown that some patients can respond to DAC after showing clinical resistance to AZA. 33 The relevance of our findings to in vivo resistance need to be examined. Low levels of DCK gene expression or low dCK activity were correlated with a poor response to Ara-C and cladribine (2-chlorodeoxyadenosine) in childhood acute lymphoblastic leukemias (ALLs) and lymphoproliferative disorders, 34, 35 and to gemcitabine (a cytosine analog) in advanced pancreatic cancer. 36 However, not all studies were consistent in this regard. 37, 38 Our combined data suggest that the best approach to examining in vivo resistance to DAC would be to measure DAC incorporation into DNA, an experiment that is not technically feasible at present because of the low doses of DAC used clinically. An alternate approach may be to measure all parameters of DAC metabolism (eg, dCK, hENT, CDA) in treated patients and correlate them with sensitivity to the drug.
In conclusion, this study provides important in vitro models for understanding the mechanisms and origin of resistance to DAC, which may lead to strategies to overcome DAC resistance in vivo. The lack of cross-resistance between DAC and AZA in some cells could also have important therapeutic implications.
